• Two novel transducer modules consisting of BTK in combination with either FLT3-ITD or TLR9 induce distinct oncogenic signaling programs.
Introduction
Acute myeloid leukemia (AML) is a genetically heterogeneous disease, and causative mutations occur in various genes, including those encoding for signaling molecules. 1 In particular, mutations in tyrosine kinases such as FLT3 and KIT can induce transformation and deregulated proliferation of the myeloid progeny. 2 Such dependence of AML cells upon oncogenic signaling can be exploited therapeutically by using small-molecule inhibitors. For instance, kinase inhibitors targeting Fms-like tyrosine kinase 3 internal tandem duplication (FLT3-ITD) showed significant effects in preclinical and clinical studies. 3 However, signaling events induced by the AML microenvironment can counteract FLT3 inhibition because they trigger AML cell survival. 4 In accordance with this, pharmacologic targeting of these microenvironment-dependent pathways showed promising effects in preclinical AML models, as found, for example, for the integrin-SYK-STAT signaling axis. 5, 6 In this study, we identified Bruton tyrosine kinase (BTK) as an AML target. BTK is best known for its functions in the context of B-cell receptor signaling. 7 Loss of BTK expression in the B lineage can result in immunodeficiency syndromes and also contributes to the pathogenesis of acute lymphoblastic leukemia, 7 in which BTK acts as a tumor suppressor. In contrast, BTK acts as an oncogene in several B-cell lymphoma subtypes. 8 Inhibition of BTK induced cellular apoptosis and growth reduction in chronic lymphocytic leukemias, diffuse large B-cell lymphomas of the activated B-cell type, and mantle cell lymphomas. 9 Treatment of chronic lymphocytic leukemia patients with the BTK inhibitor ibrutinib led to US Food and Drug Administration approval of the compound for chronic lymphocytic leukemia. 10 In contrast to its role in lymphoid (patho-)physiology, far less is known about BTK signaling in myelopoiesis. One reason for this may be that Btk-deficient mice have a profound B-cell-specific phenotype, whereas myelopoiesis is not affected. 11 The functional relevance of BTK in myeloid leukemia cell lines was reported quite recently. 12 However, neither BTK signaling networks nor their mechanisms of action in myeloid cells are understood. Here, we show that BTK is expressed in about 80% of human AML cases and adduce evidence for the manner in which it promotes AML cell proliferation and survival via activation of several signaling pathways; these pathways involve signaling from Toll-like receptor 9 (TLR9) and FLT3-ITD, which trigger various context-dependent downstream transcriptional programs.
Methods
Cell culture, lentiviral transduction, and immunohistochemistry Peripheral blood samples from AML patients were obtained at diagnosis or relapse with the approval of the ethics committee of Goethe University Frankfurt. This study was conducted in accordance with the Declaration of Helsinki. Metabolic labeling of KG-1 and MV4-11 cells via stable isotope labeling with amino acids in cell culture (SILAC) for arginine and lysine and AML cell culture were performed as described earlier. 6 Details of the ethics approval and the protocols for lentiviral transductions, cell proliferation, and immunohistochemistry analyses are provided in the supplemental Data available on the Blood Web site.
Mass spectrometric analysis, database search, and MaxQuant-based data processing Mass spectrometry (MS) analysis and data processing were performed as described elsewhere. 6 Detailed information about instrument settings, bioinformatic work flows, and the QUICK method 13 are provided in the supplemental Data.
Results

BTK promotes cell survival and proliferation in AML
Kinase expression profiling in AML bone marrow biopsies revealed expression of BTK in 23 of the 28 AML patients analyzed ( Figure 1A ). In light of the oncogenic potential of BTK in lymphoid malignancies, we investigated its functional role in AML. For this purpose, we first investigated the expression and activation status of BTK in various AML cell lines and genetically well-defined AML cultures derived from AML patients in different cytogenetic risk groups (supplemental Table 1 ). All AML cell lines tested and all primary AML cultures expressed BTK, and most of these cell lines (with the exception of U937) and all primary AML cultures showed phosphorylation of BTK at the activation-inducing tyrosine Tyr-223, indicating constitutive kinase activity ( Figure 1B ). Upon short-and long-term pharmacologic inhibition of BTK, we detected significantly decreased cell expansion in most AML cell lines and primary AML cultures that we tested ( Figure 1C -E): FLT3-ITD-positive or -negative. The reduced proliferation was caused mainly by an ibrutinib-dependent cell cycle arrest in the G1/S transition and by an increase of apoptosis (supplemental Figure 1A-B) . To exclude off-target effects of the BTK inhibitor ibrutinib and to confirm the proproliferative potential of BTK in AML, we silenced BTK expression in AML cells by using constructs encoding for BTK-specific short hairpin RNAs (shRNAs) and green fluorescence protein (GFP) as described previously.
14 Efficient knockdown of BTK was validated by immunoblotting ( Figure 1F ). By flow cytometric monitoring of GFP expression, we detected a loss of (GFP-positive) BTK knockdown cells, whereas the numbers of control cells were stable in the respective control cell batches ( Figure 1G ). These data indicate that BTK knockdown cells have a compromised expansion potential caused by induction of apoptosis and/or G1 arrest ( Figure 1H-I) . Thus, BTK is expressed and activated in a large proportion of AML cases, and BTK inhibition induces cell cycle arrest and apoptosis.
FLT3-ITD induces BTK activation and sensitivity to BTK inhibition
In B cells, BTK is an important effector of B-cell receptor signaling. However, the molecular mechanisms of BTK activation and signaling in AML cells are unknown.
Because we had identified the cell lines Molm13 and MV4-11 and the primary cultures FFM40 and FFM41 ( Figure 1C ), all expressing FLT3-ITD in a manner sensitive to BTK inhibition, and because we detected increased BTK phosphorylation in FLT3-ITD-positive AML cells ( Figures 1B and 2A) , we hypothesized that BTK activation might be dependent on FLT3-ITD activity. To find out whether the two kinases interact with one another, we performed a quantitative proteomic interactome analysis. Using the quantitative immunoprecipitation combined with knockdown (QUICK) method for protein interaction screening, 13 we purified the FLT3-ITD signalosomes from SILAC-labeled MV4-11 cells that had been treated either with dimethylsulfoxide (medium-labeled cells) or with quizartinib (heavy-labeled cells) and subsequently characterized them by MS. The experimental setup is outlined in supplemental Figure 1C . Among the identified FLT3-ITD interaction partners identified was BTK ( Figure 2B ). Furthermore, the SILAC approach allowed us to relatively quantify the interaction between each identified FLT3-ITD binding partner and FLT3-ITD in the presence and the absence of quizartinib. We found that inhibition of FLT3-ITD by quizartinib negatively affected some interactions, such as the ones with BTK and SYK, whereas others were not affected ( Figure 2B and supplemental Table 2 ). From these experiments, we identified a previously unknown interaction between FLT3-ITD and BTK that was dependent on FLT3-ITD kinase activity. To investigate the functional relevance of this newly identified FLT3-ITD/BTK signalosome, we lentivirally expressed (1) FLT3-ITD in combination with GFP in various cell models such as the interleukin-3 (IL-3) -dependent murine hematopoietic progenitor cell lines 32D (32D-FLT3-ITD), Ba/F3 (Ba/F3-FLT3-ITD), and primary murine myeloid progenitor cells that were transformed by HOXA9 and MEIS1 (HOXA9/MEIS1-FLT3-ITD), and (2) GFP/ BFP alone (32D-GFP, Ba/F3-GFP, HOXA9/MEIS1-BFP, control). As a further control, we used 32D-FLT3-ITD cells growing in the presence of the FLT3 inhibitor quizartinib and IL-3. In 32D-FLT3-ITD cells compared with 32D-GFP cells, BTK expression and phosphorylation of its activation-inducing tyrosine were strongly upregulated ( Figure 2C ). In line with these results, phosphorylation of BTK in 32D-FLT3-ITD, MV4-11, and Molm13 cells was strongly diminished upon quizartinib treatment ( Figure 2D ). Notably, stimulation of wild-type FLT3 did not affect phosphorylation of the activationinducing tyrosine (Tyr-223) in BTK; this points to a specific functional interaction between FLT3-ITD and BTK ( Figure 2E ). Moreover, FLT3-ITD expressing 32D and Ba/F3 cells showed reduced cell expansion (in the absence of IL-3) upon inhibition of BTK, whereas IL-3-dependent expansion of 32D-GFP and Ba/F3-GFP cells and 32D-FLT3-ITD cells (the latter in the presence of quizartinib) was not significantly affected ( Figure 2F -G and supplemental Figure 1D ). Similar results were obtained when BTK expression was silenced by shRNAs in this experimental setting (data not shown). A comparable sensitizing of the cells for ibrutinib occurred upon expression of FLT3-ITD in HOXA9/MEIS1-transformed myeloid progenitor cells ( Figure 2H ). Their dependence on BTK was further confirmed by colony formation assays following BTK knockdown (supplemental Figure 1E ). To further assess the effect of BTK inhibition on the colony formation capacity of the 32D cell batches referred to above, we performed methylcellulose-based colony formation assays in the presence or absence of ibrutinib or following knockdown of BTK. Both approaches revealed that the FLT3-ITD-dependent colony formation of 32D-FLT3-ITD cells depends on BTK activity, whereas (IL-3-dependent) 32D-GFP cells formed colonies in a BTKindependent manner ( Figure 2I ). These data show that BTK is part of the FLT3-ITD signalosome and is activated in an FLT3-ITD-dependent 
Additive effects of combined FLT3-BTK inhibition
Because we identified FLT3-ITD as a functionally relevant upstream activator of BTK, we next investigated in vitro whether combined inhibition of FLT3-ITD and BTK enhances cell toxicity in comparison with treatment with these inhibitors singly. For this purpose, we treated MV4-11 and Molm13 cells, both expressing endogenous FLT3-ITD, with various concentrations of quizartinib and ibrutinib, either alone or in combination. As shown in Figure 3A -B and supplemental Figure 1F -G, we detected an additive effect of the combined treatment with regard to its antiproliferative potential. Similar effects were observed in colony formation assays ( Figure 3C and supplemental Figure 1H ). This suggests that this combination could be an interesting option for treatment of patients suffering from FLT3-ITD-positive AML.
However, recent studies showed that bone marrow stroma cells emit signals promoting cell survival and proliferation of AML blasts as a clinically relevant mechanism of therapy resistance. These stromaderived signals even counteract the cytotoxic effects of quizartinib in vitro and in vivo, leading to reduced apoptosis of AML blasts in the bone marrow (compared with peripheral blood) upon quizartinib treatment. 4 To test the efficacy of BTK inhibition alone or in combination with quizartinib in the presence of bone marrow stroma, we performed apoptosis assays in a coculture model consisting of primary AML cells and primary bone marrow stroma cells derived from healthy donors. Notably, ibrutinib was washed out after a 1-hour pretreatment to avoid inhibition of off-targets and to better reflect the in vivo situation in which mainly BTK remains inhibited because of the irreversible action of ibrutinib. In accordance with previous studies, we observed that quizartinib-dependent apoptosis is strongly reduced in stroma coculture compared with monoculture conditions ( Figure 3D ). In contrast, cytotoxic effects of BTK inhibition were not counteracted upon stroma contact, which might be explained by the detachment of AML cells from the stroma cells that we and others observed 12 upon BTK inhibition. More interestingly, the combined inhibition of FLT3 and BTK showed additive effects in stroma coculture ( Figure 3D ) and effective suppression of ERK activation that was reported previously as a microenvironment-dependent cell survival-inducing signaling event 4 ( Figure 3E ). Both findings support a functional relevance for FLT3/BTK inhibitor combinations in the presence or absence of bone marrow stroma cells.
However, the observed additive effect suggests that, in addition to FLT3-ITD, activators of BTK further upstream are operational, which is also reflected by the fact that AML cells devoid of FLT3-ITD responded to inhibition of BTK ( Figure 1D ).
A TLR9/BTK transducer module promotes AML cell expansion in FLT3-ITD-negative AML Because sensitivity to BTK inhibition is not restricted to FLT3-ITD-expressing cells, we next investigated the BTK signalosome in FLT3-ITD-negative AML cells to identify further potential activators of BTK. For this purpose, we performed a quantitative proteomic interactome analysis (QUICK) as described above. We purified the BTK signalosome from SILAC-labeled KG-1 cells and subsequently characterized it by MS. The experimental setup is outlined in supplemental Figure 2A , and the resulting data distribution is shown in Figure 4A . Interestingly, the AML-specific BTK interaction partners differed markedly from those previously described in B cells (Table 1) . Among the interactors that we identified was TLR9 which, according to previous studies that described an interaction between TLRs and BTK in other cell types, 15, 16 might be a potential activator of BTK in FLT3-ITD-negative AML cells. We performed coimmunoprecipitation experiments and confirmed by subsequent immunoblotting the newly identified interaction between BTK and TLR9 in further TLR9-expressing AML cell lines and the patient-derived AML cultures FFM04 and FFM12 ( Figure 4B-D) . Moreover, stimulation of TLR9 by CpG dinucleotides and coculture of AML cells with (apoptotic) bone marrow stroma induced tyrosine phosphorylation of BTK, further pointing toward a functional TLR9/BTK signaling axis in AML cells ( Figure 4E ).
We next tested whether TLR9, as part of the identified BTK signalosome, is functionally relevant for AML cell proliferation and survival. To this end, we performed 2 types of experiments. First, we monitored proliferation of the AML cell line KG-1 and the patientderived AML culture FFM04 in the presence and absence of TLR9 stimulation; second, we observed the effect of TLR9 knockdown on AML cell behavior. Upon stimulation of TLR9 with CpG, we observed significantly increased cell expansion compared with unstimulated control cells. Moreover, we found that this effect was reversible upon BTK inhibition ( Figure 4F and supplemental Figure 2B) . To investigate the effect of tonic TLR9 signaling on AML cells, we knocked down TLR9 in various AML cell lines by using plasmid constructs encoding TLR9-specific shRNAs in combination with GFP. TLR9 knockdown efficiency was monitored by immunoblotting ( Figure 4G ). When we followed GFP expression in the Immunoblotting was performed by using phosphosite-specific antibodies against pTyr-223 of BTK (upper panels). Protein loading was monitored by immunoblotting of BTK (lower panels). (F) XTT-based proliferation analysis of KG-1 and FFM04 cells left untreated or treated with ibrutinib and 1.5 ng/mL CpG. Results (from 4 independent experiments; mean 6 SD) are shown for cells that were treated for 3 days. *P , .05 between the different treatment groups compared with the DMSO control (black bar) using Student t test. (G) KG-1, FFM04, MV4-11, and Molm13 cells were transduced either with lentiviral vectors encoding TLR9-specific shRNAs and GFP or with unspecific control shRNAs (nsp) and GFP. Subsequently, expression of TLR9 and actin was monitored by immunoblotting. (H) GFP expression was monitored in the respective transduced cell batches by flow cytometry 1 day after lentiviral transduction (day 1) and 7 days thereafter (day 7). The outlined diagram summarizes data from 4 independent experiments (mean 6 SD) and shows the relative abundance of GFP-expressing cells at day 1 or day 7 for the respective TLR9 knockdown or control cell batches.
and -negative AML cells ( Figure 4H) . A significant reduction of KG-1 and FFM04 TLR9 knockdown cells was observed in stroma coculture as well (supplemental Figure 2C) . In summary, we identified an interaction between BTK and TLR9 that is functionally relevant in FLT3-ITD-negative AML cells. However, the signaling pathways downstream of the TLR9/BTK transducer module remain elusive.
Characterization of BTK-dependent signaling networks
To gain insights into signaling events downstream of BTK, we performed quantitative phosphoproteomic analyses in the presence and absence of ibrutinib in KG-1 and MV4-11 cells as representatives of FLT3-ITD-negative and -positive AML cells, respectively. The experimental workflow was based on SILAC, followed by enrichment of tyrosine-phosphorylated peptides and MS analyses (supplemental Figure 2D ). Upon treatment with ibrutinib, 58 of 875 phosphosites detected were identified as significantly regulated in KG-1 cells, and 78 of 571 phosphosites were similarly identified MV4-11 cells ( Figure 5A , supplemental Figure 2E -F, and supplemental Table 4 ). However, only 11 phosphosites were concordantly regulated in both cell lines, implying that the differential BTK activation mechanisms described above involve differential downstream signaling events ( Figure 5B ).
Among the concordantly regulated phosphosites was the activationinducing tyrosine Tyr-694 of the transcription factor STAT5, which is well known for its oncogenic potential in AML and thus constitutes a potentially relevant downstream effector of BTK. To investigate whether BTK directly phosphorylates STAT5, we performed an in vitro kinase assay by using biotinylated peptides that encompassed the activation-inducing tyrosine motif of STAT5. Affinity-purified BTK from untreated KG-1 cells was subjected to this kinase assay. STAT5-derived peptides were phosphorylated by BTK in vitro ( Figure 5C ). We conclude from these experiments that BTK activates STAT5 by phosphorylating Tyr-694 of STAT5, presumably through direct interaction. To exclude the possibility that a kinase potentially co-purified with BTK might contribute to phosphorylation of the STAT5 peptides, we subjected these peptides to the action of recombinant enzymatically active BTK. As shown in Figure 5C (lower panel), we again detected tyrosine phosphorylation of Tyr-694, thus confirming that BTK is able to phosphorylate STAT5 directly.
To examine how the remaining identified BTK effector proteins are integrated into signalosomes and signaling cascades, we performed a protein network analysis. We integrated information about known protein-protein interactions derived from the STRING database and information about protein functions from the KEGG, Uniprot, and PubMed databases for those proteins that we identified as differentially tyrosine phosphorylated upon BTK inhibition. This analysis revealed that the BTK effectors identified fall into a plethora of functional protein classes, including regulators of cell cycle and metabolism, which indicates a superordinate role of BTK in AML cell signaling. Within the main networks, we found STAT5, PI3-kinase, Two independent SILAC-based liquid chromatography-tandem mass spectrometry analyses were performed for identification of BTK interactors in untreated KG-1 cells. Mass-spectrometric data sets were analyzed by MaxQuant software. The proteins listed showed at least fourfold enrichment of heavy peptides compared with light ones. The protein functions listed were obtained by a literature search. Detailed statistics, including total numbers of all peptides identified and quantified, are provided in supplemental Table 3 . . Tyrosine phosphorylation of these peptides was monitored by anti-phosphotyrosine staining with enzyme-linked immunosorbent assay. *P , .05 between the different treatment groups compared with the controls using Student t test. (D-E) The signaling networks contain proteins that were identified as being phosphorylated (red) or dephosphorylated (green) on tyrosines in response to BTK inhibition. Proteins were grouped by Cytoscape software according to their known protein-protein interaction status listed in the STRING database. The assigned protein functions were derived by manual annotation using Uniprot, PhosphoSitePlus, and PubMed databases. (F) Cleared cellular lysates derived from KG-1 and MV4-11 cells that had either been left untreated or had been treated with 500 nM ibrutinib for 1 hour were subjected to immunoblotting using antibodies against pSTAT5, pERK, pSTAT3, pFOXO1, and phospho-c (pc)-CBL. For personal use only. on April 18, 2017 . by guest www.bloodjournal.org From and the Map-kinase Erk to be potential mediators of BTK-induced cell survival and proliferation ( Figure 5D-E) . The phosphoproteomic results were confirmed by immunoblotting using phosphosite-specific antibodies directed against selected identified phosphoproteins such as pSTAT5, pSTAT3, pERK, and pc-CBL ( Figure 5F ). Our data show that BTK activates several oncogenic signaling pathways in AML cells, thereby inducing transcription regulation by effector proteins like STAT5.
BTK-dependent alteration of transcriptional networks depends on FLT3 mutational status
To learn more about the downstream effects of BTK activation in AML cells, we performed large-scale transcriptome sequencing in untreated and ibrutinib-treated KG-1 and MV4-11 cells (supplemental Figure 3A) . In general, ibrutinib treatment induced stronger transcriptomic changes in (ITD-positive) MV4-11 cells compared with (ITD-negative) KG-1 cells (243 vs 98 significantly up-or downregulated messenger RNAs). We used Ingenuity software to determine the transcription factors that are responsible for the observed transcriptomic changes (see supplemental Data for a description of the bioinformatic work-flow) and to generate a putative network of transcription factors consistent with our observations on the basis of their known protein interaction profile ( Figure 6A ). Upon ibrutinib treatment, MYC and STAT5 targets were predominantly downregulated in MV4-11 cells, whereas nuclear factor kappa B (NF-kB) and STAT5 target genes were predominantly downregulated in KG-1 cells. This indicates once again that the mutational status of FLT3 influences not only the activation mode of BTK but also the molecular processes downstream of BTK ( Figure 6A ).
Because we identified several potentially relevant downstream effectors of BTK, we tested whether the oncogenic effect of BTK is mediated by BTK-dependent activation of the identified transcription factors MYC, NF-kB, and STAT5. For this purpose, we transduced KG-1 and MV4-11 cells retrovirally, using IRES-EGFP vectors to express EGFP either alone, as a control, or in combination with a constitutive active form of STAT5 (caSTAT5), 6 a constitutively active variant of IKK (caIKK) as a well-known activator of NF-kB, 17 or MYC (supplemental Figure 3B-C) . Subsequently, the transduced cell batches were left untreated or were treated with ibrutinib for 6 days, and the proportion of EGFP-positive cells was monitored by flow cytometry. The initial transduction efficiency was about 30% for the empty vector controls, 14% in KG-1 (17% in MV4-11) for caSTAT5, 9% in KG-1 (14% in MV4-11) for caIKK, and 15% in KG-1 cells (12% in MV4-11 cells). It is noteworthy that the proportion of EGFP-positive cells did not change over 6 days of cell culture if the cells were left untreated ( Figure 6B-C, left panel) . However, after 6 days of continuous BTK inhibition or BTK knockdown, we observed a significant increase in the proportion of KG-1 cells that expressed either caSTAT5 or caIKK, but the percentage of KG-1 cells expressing MYC or EGFP alone did not change over time ( Figure 6B , middle and right panels, and data not shown). In the case of MV4-11 cells, we observed an enrichment of those cells that overexpressed MYC or caSTAT5 in the presence of ibrutinib or upon BTK knockdown, but the proportion of cells expressing caIKK did not change over time ( Figure 6C , middle and right panels, and data not shown). These results imply that NF-kB and STAT5 are predominantly relevant downstream of the TLR9/BTK transducer module, whereas the FLT3-ITD/BTK signaling axis involves the transcription factor MYC in addition to STAT5 to induce proliferation and cell survival. This is further supported by data derived from the FLT3-ITD-negative cell culture FFM04 and the FLT3-ITD-expressing cell line Molm13 using the same assay as described above (supplemental Figure 3D-E) .
To better understand how suppression of these differential BTKdependent transcriptional programs leads to a G1/S arrest and apoptosis in AML cells, we returned to our RNA sequencing analysis and investigated relationships of transcription factors to target genes by using Ingenuity software. The results are outlined as putative networks For personal use only. on April 18, 2017 . by guest www.bloodjournal.org From containing the transcription factors, their target genes, and their protein interaction profiles ( Figure 6D-E) . Some of those messenger RNAs (the expression of which had been identified as influenced by ibrutinib treatment) were validated by quantitative polymerase chain reaction, as shown in Figure 6F -G. It became obvious that most of the target genes identified as suppressed upon BTK inhibition are involved in the regulation of cellular proliferation and apoptosis ( Figure 6D -E [marked in red] and F-G). Some genes, such as PIM1 were downregulated upon BTK inhibition in both FLT3-ITDpositive and -negative cells, whereas others were exclusively regulated in FLT3-ITD-positive cells, such as CDK4 and E2F1, an observation that was validated by immunoblotting (supplemental Figure 3F ). Taken together, we observed that BTK activates distinct transcriptional programs depending on the FLT3 status: FLT3-ITD/BTK signaling converges at Myc and STAT5, whereas in FLT3-ITD-negative cells, NF-kB, and STAT5 are preferentially activated downstream of BTK.
Discussion
In this study, we have identified an unexpected functional role of BTK downstream of FLT3-ITD and TLR9. FLT3-ITD mutations occur in about 25% of AML patients and lead to hyperproliferation of myeloid progenitor cells, but differentiation responses are inhibited. 18 Targeting of FLT3-ITD in AML by newer agents such as quizartinib shows significant effects in clinical trials. 3 However, the responses are short-lived; this may be at least partially attributed to resistance mutations within the kinase domain of FLT3. 19 Because we identified BTK as functionally relevant downstream of FLT3-ITD, BTK inhibition might be a valuable tool for the combined treatment of AML patients, because more effective inhibition of FLT3-ITD-dependent survival pathways might prevent the rapid occurrence of resistance mutations in FLT3.
The presence of FLT3-ITD in AML has proved to be an important factor for AML chemotherapy resistance, since FLT3-ITD-driven AML is much more prone to early relapse after intensive chemotherapy than is FLT3-ITD-negative disease. Inhibition of FLT3-ITD in a chemotherapeutic setting has led to ambivalent clinical results. 20 In the absence of FLT3-ITD, TLR9 turned out to be a potent activator of oncogenic BTK signaling. We show here for the first time that blockade of TLR9 signaling strongly diminishes AML cell proliferation by suppressing NF-kB-and STAT5-mediated transcription. TLR9 has been described as an apoptosis sensor by recognizing damage-associated molecular patterns, 21 and this process might contribute to the drug resistance of AML in the clinical setting, in which a high turnover of blasts in the bone marrow, especially under the influence of cytotoxic drugs, might stimulate the identified TLR9/BTK transducer module via damage-associated molecular pattern release. Thus, we here describe a novel microenvironment-dependent signaling axis that may represent an important mechanism of AML maintenance in various important clinical settings, including FLT3-ITD inhibition and cytotoxic therapy. Puissant et al recently showed that the tyrosine kinase SYK is relevant for oncogenic FLT3-ITD-dependent Myc activation. 22 Because we identified BTK as an additional signaling intermediate in the FLT3-ITD signalosome that activates Myc, it might well be that SYK and BTK operate within the same FLT3-ITD-dependent signaling pathway(s). Thus, their combined inhibition might be another option for improving the therapy for FLT3-ITD-positive AML. Taken together, our results highlight the functional importance of interactions between AML cells and their microenvironment through TLRs and unravel a cooperative dependence between the mutant oncoprotein FLT3-ITD and BTK in AML pathogenesis. They also provide a rationale for the clinical evaluation of BTK inhibitors as single agents or in combination with other drugs, including FLT3 inhibitors in AML.
